The envelope-function approach is used to theoretically study the effects of in-plane magnetic fields on the cyclotron effective mass and Landé g Ќ -factor associated to conduction electrons in single GaAs-͑Ga,Al͒As quantum wells. Non-parabolic and anisotropy effects are included in the calculations within the OggMcCombe effective Hamiltonian to describe the electron states in the semiconductor heterostructure. The electronic structure and both the cyclotron effective mass and Landé g Ќ -factor were obtained, by expanding the corresponding envelope wave functions in terms of harmonic-oscillator wave functions, as functions of the in-plane magnetic field, cyclotron orbit-center position, and quantum-well widths. This procedure allows us to consider the different terms in the Hamiltonian on equal footing, avoiding therefore the use of approximate methods to obtain the envelope wave functions and the corresponding energy spectrum. Results obtained for the Landé g Ќ -factor were found in quite good agreement with available experimental measurements.
I. INTRODUCTION
The physical properties of low-dimensional semiconductor systems have been widely studied in the past few decades. Quantum wells ͑QWs͒, quantum-well wires ͑QWWs͒, quantum dots ͑QDs͒, superlattices ͑SLs͒, and so on, have been the subject of considerable efforts in order to elucidate their physical nature. It is important to point out that the understanding of the electronic properties of semiconductor heterostructures has made possible the fabrication of a number of electronic and opto-electronic devices. The electronic structure of these semiconductor nanosystems may be modified by different factors, such as the presence of confining potentials, externally applied electric and magnetic fields, hydrostatic pressure, etc., leading to changes on their electronic and optical properties. The transport of spin-polarized electrons by using ferromagnetic probe tips in a lowtemperature scanning tunnelling microscope opened up the possibility of investigating magnetic systems at spatial resolutions in the angstrom scale. [1] [2] [3] The ability to manipulate single spins [4] [5] [6] [7] is one of the important aspects in the development of quantum information processing and spintronics. Due to the increasing potential applications in a new variety of semiconductor devices based on spin-electronic transport, the study of both cyclotron-resonance properties [8] [9] [10] [11] as well as the behavior of the Landé g-factor [12] [13] [14] [15] [16] [17] [18] [19] in nanostructured systems has attracted the community attention, and a considerable amount of work has been carried out in this area. From the experimental point of view, the Landé factor is measured by using a number of experimental techniques, such as electron spin resonance, 12, 13 Hanle effect, 14 spin quantum beats, [15] [16] [17] [18] spin-flip Raman scattering, 19 capacitance, 20 and energy, 21, 22 spectroscopies. The measurement of the Landé factor in semiconductor heterostructures is of interest for several reasons. For instance, it plays a relevant role in the integral and fractional quantum Hall effects, 13, [23] [24] [25] or in phenomena involving efficient optical pumping 26 of electron and nuclear spin of individual GaAs QDs. The dependence of the electron Landé factor on carrier quantum confinement in QWs and QDs has recently gained attention both experimentally [18] [19] [20] [21] [22] [23] [24] [25] [26] as well as theoretically. [27] [28] [29] [30] The g-factor of electrons in GaAsGa 1−x Al x As QWs is of special interest, as it changes its sign at certain values of the well width. Hannak et al. 16 determined the electron Landé factor as a function of the GaAsGa 1−x Al x As well width from 1 to 20 nm under in-plane magnetic fields by the technique of spin quantum beats. Le Jeune et al. 17 studied the anisotropy of the electron Landé factor in GaAs QWs, whereas Malinowski and Harley 18 investigated the influence of quantum confinement and built-in strain on conduction-electron g factors in GaAs/ Al 0.35 Ga 0.65 As QWs and strained-layer In 0.11 Ga 0.89 As/ GaAs QWs, for QW widths between 3 and 20 nm.
The aim of the present work is to investigate the effects of in-plane magnetic fields on the cyclotron effective mass and Landé g Ќ -factor in GaAs-Ga 1−x Al x As semiconductor QWs, within the effective-mass approximation. Non-parabolic and anisotropy effects are taken into account within the OggMcCombe effective Hamiltonian 31, 32 used to describe the electron states in the semiconductor heterostructure. Both the cyclotron effective mass and g Ќ -factor are obtained as functions of the in-plane magnetic field, cyclotron orbit-center position, [33] [34] [35] and QW width, and theoretical results compare quite well with available experimental measurements for the g Ќ -factor by Hannak et al., 16 Le Jeune et al., 17 and Malinowski et al. 18 The work is organized as follows. The theoretical framework is outlined in Sec. II. Results and discussion are performed in Sec. III, and final conclusions are in Sec. IV.
II. THEORETICAL FRAMEWORK
We consider the problem of a conduction-band electron in a GaAs-Ga 1−x Al x As QW, grown along the y axis, under an in-plane B = Bẑ magnetic field. Here we adopt the effectivemass approximation, and take into account non-parabolicity effects for the conduction electrons, as detailed in previous theoretical work. 31, 32, [36] [37] [38] [39] Present calculations therefore use an Ogg-McCombe effective Hamiltonian 31, 32 for the conduction electrons, which is given by
where K = k + ͑e / បc͒Â , k =−iٌ; Â = ͑−yB ,0,0͒ is the magnetic vector potential, = ͑ x , y , z ͒, where the i are the Pauli matrices, is a vector operator with components given as x = K y K x K y − K z K x K z and corresponding cyclic permutations, m͑y͒ and g͑y͒ are the growth-direction positiondependent ͑with bulk values of GaAs or Ga 1−x Al x As͒ conduction-electron effective mass 40 and Landé g-factor, 41 respectively, B is the Bohr magneton, ⌫ is a constant associated with the cubic Dresselhaus spin-orbit term, 42 l B = ͱ បc / eB is the Landau length, ͕â , b ͖ = â b + b â is the anticommutator between the â and b operators, and V͑y͒ is the confining potential, taken as 60% of the Ga 1−x Al x As and GaAs band-gap offset [43] [44] [45] [46] [47] ⌬E g ͑eV͒ = 1.247 x. Here we note that non-parabolicity effects are taken into account via the coupling between the lowest ⌫ 6c conduction band, ⌫ 7v and ⌫ 8v valence bands, and the ⌫ 7c and ⌫ 8c p-antibonding conduction bands in GaAs. This leads to a 14ϫ 14 matrix Hamiltonian, which may be folded back into a 2 ϫ 2 conduction-band effective Hamiltonian. 36, 37, [48] [49] [50] One then would expect an adequate theoretical description of the conduction-band Landau levels in zinc-blende-type semiconductors, semiconductor QWs, heterostructures, etc. The second term in the Hamiltonian is the Zeeman contribution, the third one, of third order in K, is the spin-orbit Dresselhaus interaction 42 ͑due to the fact that GaAs has no inversion symmetry͒ which, together with the second-order in K spindependent terms ͑with the factors a 4 , a 5 , and a 6 ͒, contributes to changes in the effective heterostructure g factor. The term with the factor a 2 gives the diamagnetic shift of the Landau electronic levels, whereas terms in a 1 and a 3 govern the energy dependence of the cyclotron effective mass. In the above Hamiltonian, a 1 , a 2 , a 3 , a 4 , a 5 , and a 6 are constants appropriate to bulk GaAs obtained via a fitting with magnetospectroscopic measurements. 37 We choose the eigenfunction of ͑1͒ as
where n is the Landau magnetic-subband index, and the cyclotron orbit-center position y 0 = k x l B 2 is a good quantum num- ber. In the absence of the confining potential, the eigenvalues of ͑1͒ do not depend on the cyclotron orbit-center position y 0 , and as a consequence, they are infinitely degenerated in k x . The confining potential breaks off this degeneracy, and the eigenvalues of ͑1͒ become dispersive. At low temperatures, one may disregard the k z energy dependence, take k z = 0, and by neglecting the off-diagonal terms [51] [52] [53] [54] in the Schrödinger equation, the ↑ spin-up and ↓ spin-down states are uncoupled. The Schrödinger equation is then given by
where Ĥ ↑ and Ĥ ↓ are the diagonal components of ͑1͒ for k z = 0. For a given m s projection ͑↑ or ↓͒, along the magneticfield direction, of the electron spin we expand the corresponding wave functions in terms of the solutions of the harmonic oscillator problem, leading to an eigenvalue and/or eigenvector problem and the straightforward diagonalization of Ĥ m s until convergence of the eigenvalues E n ͑y 0 , m s ͒ is achieved. We would like to stress that the terms of order superior than the parabolic ͑K 2 ͒ in ͑1͒ are quite often taken into account via perturbation theory, [48] [49] [50] 55, 56 and in the present work they are exactly considered within the diagonal approach.
III. RESULTS AND DISCUSSION
As the experimental data from Hannak et al., 16 Le Jeune et al., 17 and Malinowski et al. 18 on the electronic Landé g Ќ factor are for GaAs-Ga 1−x Al x As QWs with Al proportion corresponding to x = 0.35, results discussed in this section refer to GaAs-Ga 0.65 Al 0. 35 As QWs under in-plane magnetic fields.
In Fig. 1 we display the 10 lowest Landau levels as functions of the orbit-center position in GaAs-Ga 0.65 Al 0. 35 solid and dashed lines are associated with the Landau electron subbands with spin projections in the parallel ͑↑͒ and antiparallel ͑↓͒ directions of the in-plane applied magnetic field along the +z axis, respectively. Note that the ↑ and ↓ electron subbands are essentially undistinguishable for the scale used in Fig. 1 . Also, as one may notice from Fig. 1͑a͒ , for an L = 50 Å GaAs-Ga 0.65 Al 0. 35 As QW, and in the range of y 0 orbit center considered, the lowest Landau energy subbands are essentially flat as a function of the orbit-center position. This behavior is to be expected for small values of the applied magnetic field, as the QW width of 50 Å is small compared with the ͑B =4 T͒ l B = 128 Å Landau length. Therefore, in this case ͑L Ӷ l B ͒, the effect of the magnetic field is weak and the electronic Landau energy-level structure is essentially dominated by the barrier confining potential. As the GaAs-Ga 0.65 Al 0. 35 As QW width is increased beyond the l B Landau length, the orbit-center position dependence of the electron Landau subbands becomes dispersive ͓cf. Figs. 1͑b͒ and 1͑c͔͒ , with a minimum at the center of the well, i.e., y 0 = 0. At low temperatures, therefore, electrons would tend to populate energy levels around y 0 = 0. The same calculation was performed for B =20 T ͑l B =57 Å͒, and shown in Fig. 2 . Notice that the orbit-center dependence of the electron Landau levels is more dramatic as compared with results in Fig. 1 . The behavior of the Landau levels as functions of the orbit-center position may be understood in terms of the wave function localization: the lowest electron states are essentially localized inside the GaAs-Ga 0.65 Al 0. 35 As QW due to the barrier or magnetic-field effects on the electron confinement, and the localization region ͑and the electron energy͒ is sensitive with respect to the orbit-center position. Notice that when the distance between y 0 and L /2 is Շl B , the barrier-potential effects are quite appreciable. Figure 3 shows the electron wave function for the n =0 ͓Figs. 3͑a͒ and 3͑c͔͒ and for the n =1 ͓Figs. 3͑b͒ and 3͑d͔͒ Landau levels in GaAs-Ga 0.65 Al 0. 35 As QWs of width L =50 Å ͓Figs. 3͑a͒ and 3͑b͔͒ and L = 500 Å ͓Figs. 3͑c͒ and 3͑d͔͒ under an in-plane magnetic field of B = 4 T. Solid and dashed lines correspond to the orbit-center position at the center and at the right edge of the QW, respectively. Results for ↑ and ↓ spin states are essentially the same in the scale used for plotting the wave functions. Note that, for L = 50 Å QWs ͓Figs. 3͑a͒ and 3͑b͔͒, the wave functions for orbit-center positions at the well-center and well-edge are indistinguishable, as L Ӷ l B , and the Landau subbands are flat with the barrier-potential effects dominant.
In the present study, we are interested in comparing our calculations with low-temperature experimental measurements, [16] [17] [18] in which only the lowest-energy states are occupied. Therefore, one may consider only states with the orbit-center position at the center of the well ͑y 0 =0 or k x =0͒. In Fig. 4 we display, for y 0 = 0, the in-plane magneticfield dependence of the lowest 10 Landau levels in GaAsGa 0.65 Al 0. 35 As QWs of widths L =50 Å, L = 300 Å, and L = 500 Å. It is apparent that, as the in-plane magnetic field is increased, the electron wave functions become more localized, and the corresponding energies increase. Also, one notices that the difference between the energies corresponding to the ↑ and ↓ spin states ͑although quite minor in the scale of Fig. 4͒ is more noticeable for higher values of the applied magnetic field.
As it is well known, the technique of cyclotron resonance is a powerful tool in the study of the effective mass and transport properties of electrons in semiconductor heterostructures. An in-plane magnetic field may modify the cyclotron effective mass due to the distortion of the Fermi contour by the applied field. In that respect, the inclusion of the band non-parabolicity is crucial in order to obtain a proper quantitative agreement with experimental measurements. For a given projection m s of the electron spin, the m c cyclotron effective mass associated with the nth and ͑n +1͒th Landau magnetic subbands may be defined by
The cyclotron effective mass ͑for n = 0 in the above equation͒ is shown in Fig. 5 as a function of the orbit-center position in GaAs-Ga 0.65 Al 0. 35 As QWs of width L =50 Å, L = 300 Å, and L = 500 Å, under an in-plane magnetic field of B = 4 T. For L =50 Å ͓Fig. 5͑a͔͒ the orbit-center position dependence of the cyclotron effective mass is flat, which is due to the fact that the Landau energy levels are essentially independent of the orbit-center position ͓see Fig. 1͑a͔͒ . Moreover, the cyclotron effective mass is 20 times smaller than the bulk GaAs electron effective mass. One may argue that this is due to the large difference, due to the barrier confinement effects, between the energies corresponding to the ground and first-excited Landau levels. For L ӷ l B , the cyclotron effective mass increases and tends to the bulk GaAs electron effective mass for the orbit-center position at the center of the well, as expected. This fact is clearly observed in Fig. 6 , for B = 20 T. As the magnetic field increases, the effect of the barrier confining potential becomes less important than the magnetic-field confining effect, the cyclotron effective mass increases, and for very large magnetic fields ͑L ӷ l B ͒, the difference between the n = 1 and n = 0 Landau levels is essentially given by ប c = បeB / m w c, and m c → m w . Figure 7 displays the magnetic-field dependence of the cyclotron effective mass in GaAs-Ga 0.65 Al 0. 35 As QWs, for the orbit-center position at the center of the QW, and for well widths of L =50 Å, L = 300 Å, and L = 500 Å. For large values of the well width and in-plane magnetic fields, i.e., L ӷ l B , the electron wave functions are essentially localized inside the GaAs layer, and the cyclotron-effective mass is very close to the GaAs-bulk electron-effective mass ͓see Fig.  7͑c͔͒ .
With respect to the g Ќ factor, the expression
may be used to define the g Ќ ͑n͒ effective Landé factor in the in-plane direction ͑perpendicular to the y-growth axis͒ associated to the E n ͑y 0 , m s , B͒ Landau levels. In Eq. ͑9͒ the explicit dependence of the Landau levels on the applied inplane magnetic field is displayed. Notice that Eq. ͑9͒ is an adequate way of defining the g Ќ ͑n͒ effective Landé factor due to the fact that the ↑ and ↓ spin states, in the present calculations, are decoupled. Moreover, it is clear that the effective g Ќ ͑n͒ factor will, in principle, depend on the orbit-center position, on the applied magnetic field, and on the QW width. This dependence is illustrated in Figs. 8-10 for the g Ќ ͑1͒ factor
corresponding to the Landau magnetic levels in GaAsGa 0.65 Al 0. 35 As QWs. The orbit-center position dependence of the g Ќ factor is shown in Fig. 8 for B = 4 T and for various values of the well width. As the electron-Landau levels are essentially flat for B =4 T, L = 50 Å and L = 100 Å, for these values of the QW width, the g Ќ factor does not appreciably depend on the orbit-center position. As the QW width increases beyond l B , the orbit-center position dependence of the g Ќ factor becomes appreciable ͑note that the difference between the Landé factors corresponding to y 0 = L / 2 and y 0 = 0 are ϳ5% for L = 300 Å͒. In Fig. 9 we display the magnetic-field dependence of the g Ќ factor for various values of the QW width, and for the orbit-center position at the center of each QW. Results were obtained for magnetic fields from 4 T to 20 T. In these range of magnetic-field values, it is apparent that the g Ќ factor weakly depends on the applied in-plane magnetic field. The field dependence on the g Ќ factor is due both by the modification of the energy band structure as well as by the redistribution of the wave function by the magnetic field. Results in Fig. 9 may be understood as follows. In the range of magnetic fields considered, the Landau length varies from l B = 128 Å ͑for B =4 T͒ to l B =57 Å ͑for B =20 T͒, which implies that, for L = 50 Å and L = 100 Å, l B Ͼ L / 2 and the influence of the barriers on the Landau levels are stronger than that of the magnetic field. The resulting energies of electron Landau states and g Ќ factor are then slowly varying functions of the magnetic field. On the other hand, for y 0 = 0 and l B Շ L / 2, the influence of the magnetic field is much stronger than that of the barriers, and, therefore, the g Ќ factor weakly depends on the QW widths as shown in Fig. 9 for L = 200 Å and L = 300 Å. Finally, we show in Fig. 10 the g Ќ factor as a function of the QW width for B = 4 T and for the orbit-center position at the center of the well ͑solid line͒. The sign of the electron-g factors in the GaAs well and in the Ga 0.65 Al 0. 35 As barrier are opposite. For the orbit-center position at the center of the QW and for small values of the QW width ͑L Ӷ l B ͒, the ground-state electron wave function easily penetrates the Ga 0.65 Al 0. 35 As barriers, and the g Ќ factor is positive. On the other hand, for large values of the QW widths ͑L ӷ l B ͒, the g Ќ factor is negative due essentially to the localization of the ground-state electron wave function in the well material. Therefore, there must be a well thickness where the g Ќ factor is zero. This is clearly observed in Fig. 10 . The experimental results ͑at B =4 T͒ from Hannak et al. 16 ͑for B in the range from 1 T to 14 T͒, Le Jeune et al. 17 ͑for B in the range from 1 T to 4 T͒, and Malinowski et al. 18 ͑for B =4 T͒ are also represented by squares, circles, and triangles, respectively. One may note that the present theoretical calculations ͑full curve in Fig. 10͒ are in excellent agreement with the experimental measurements. Also, it is interesting to stress that the effects of the non-parabolic terms are quite important, as one may see from the calculated results obtained by ignoring non-parabolic effects ͑see dashed curve in Fig. 10͒, i. e., by setting a i =0, i =1,2,¼ ,6.
IV. CONCLUSIONS
In summary, we have theoretically evaluated the effects of an in-plane magnetic field on the cyclotron effective mass and Landé g Ќ factor in single GaAs-͑Ga,Al͒As QWs. Present calculations were performed within the effectivemass approximation, and by taking into account the nonparabolic-band effects via the Ogg-McCombe effective Hamiltonian, which was used for the conduction electrons in the GaAs-͑Ga,Al͒As heterostructure. The characteristic problem of this Hamiltonian, which is usually solved by perturbation theory, in the present work is solved by expanding the corresponding spin-up ͑↑͒ and spin-down ͑↓͒ envelope wave functions in terms of the harmonic-oscillator wave functions, considering all of its terms on equal footing. We have obtained both the cyclotron effective mass and the g Ќ factor as a function of the in-plane magnetic field, of the orbit-center position, and of the QW widths. For orbit-center positions at the center of the QW, results for the Landé g Ќ factor were found weakly dependent on the applied magnetic field. Moreover, the QW-width dependence g Ќ factor reveals, as expected, a change in its sign, a fact which may be understood in terms of the electron wave function localization. Present theoretical calculations for the Landé g Ќ factor in single GaAs-͑Ga,Al͒As quantum wells were found in excellent agreement with the experimental measurements reported by Hannak et al., 16 Le Jeune et al., 17 and Malinowski et al. 18 
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